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ABSTRACT: The pilot-scale production of the peroxygenase from Agrocybe aegerita (rAaeUPO) is demonstrated. In a fed-batch
fermentation of the recombinant Pichia pastoris, the enzyme was secreted into the culture medium to a final concentration of 0.29 g
L−1 corresponding to 735 g of the peroxygenase in 2500 L of the fermentation broth after 6 days. Due to nonoptimized downstream
processing, only 170 g of the enzyme has been isolated. The preparative usefulness of the so-obtained enzyme preparation has been
demonstrated at a semipreparative scale (100 mL) as an example of the stereoselective hydroxylation of ethyl benzene. Using an
adjusted H2O2 feed rate, linear product formation was observed for 7 days, producing more than 5 g L−1 (R)-1-phenyl ethanol. The
biocatalyst performed more than 340.000 catalytic turnovers (942 g of the product per gram of rAaeUPO).
KEYWORDS: biocatalysis, hydroxylation, peroxygenases, pilot-scale fermentation, specific oxyfunctionalization

■ INTRODUCTION
Peroxygenases are receiving increased attention as selective
oxyfunctionalization catalysts.1 Compared to the well-known
P450 monooxygenases, peroxygenases exhibit a significantly
simpler molecular architecture and regeneration scheme. Both
enzyme classes utilize an oxyferryl heme (compound I, Cpd I,
Scheme 1c) as oxygenation species. Hence, in principle, all

reactions that can be realized with P450 monooxygenases are
also accessible through peroxygenases. P450 monooxygenases
form Cpd I via reductive activation of molecular oxygen
(Scheme 1a).2 From a practical point of view, this mechanism
brings about a range of challenges such as the orchestration of
the complex electron transport chain and minimization of the
undesired uncoupling reaction and the dependence on
nicotinamide cofactors (together with appropriate regeneration

systems).3 Also, the poor solubility of molecular oxygen in
aqueous reaction media poses a reaction engineering
challenge.4,5 In contrast, peroxygenases form Cpd I from
hydrogen peroxide directly (Scheme 1b), thereby principally
circumventing many issues occurring with P450 monooxyge-
nases.
As a consequence of the simpler reaction mechanism,

peroxygenases appear to be promising alternatives to the
established P450 monooxygenases.
Nevertheless, a range of challenges still need to be addressed

en route to peroxygenases becoming truly practical catalysts for
selective oxyfunctionalization chemistry. First, the number of
peroxygenase variants with tailored selectivity for a broader
range of starting materials must be increased. Second, the
H2O2-dependence of peroxygenases also bears the challenge of
irreversible oxidative inactivation of the biocatalyst. Finally,
concepts for the large-scale application are so far poorly
developed.
The first issue currently can be addressed by enlarging the

portfolio of peroxygenases by new examples from natural and
manmade diversity.6−16 The stability issue can also be
considered to be principally solved as a broad range of in
situ H2O2 generation systems are now available to provide the
peroxygenase catalysts with the appropriate amounts of H2O2
to maximize their catalytic activity while minimizing the
undesired oxidative inactivation.17

In the current contribution, we aimed at demonstrating the
scalability of peroxygenase fermentation at a pilot scale. For
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Scheme 1. Comparison of the Overall Reaction Schemes of
P450 Monooxygenase- (a) and Peroxygenase-Catalyzed
Oxyfunctionalization Reactions (b); (c) Structure of the
Oxygen-Transferring Heme Species (Compound I, Cpd I)
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this, we chose the evolved, recombinant peroxygenase from
Agrocybe aegerita (rAaeUPO),7,12,18 which so far has been
produced at fermentation scales of up to 10 L.19

■ RESULTS

To initiate the pilot-scale fermentation, several preculture
fermentations were performed, also known as seed train, in
order to attain a suitable inoculation culture (Scheme 2).
In brief, recombinant Pichia pastoris (X-33) expressing

rAaeUPO was grown on YPD-agar (containing 100 μg × mL−1

Zeocin).20 After 2 days incubation at 30 °C, 10 individual
colonies were used to inoculate five 500 mL scale precultures
(BMGY medium).21 Overnight incubation in a rotary shaker
(140 rpm, 30 °C) resulted in precultures having reached the
stationary phase with an optical density (OD600) of approx. 10.
The combined precultures were used to inoculate the seed
culture fermentation (250 L BMGY medium), which was
incubated for 24 h (30 °C, 200 rpm, aeration at 0.5 vvm),
reaching a cell density (OD600) of 16 (Supporting Information
Sections 1.1 and 1.2).
The main fermentation (Supporting Information Section

1.3) was performed using a 4 m3 fermenter filled with 1500 L
of BMGY medium supplemented with Pichia trace metal
solution (12 g L−1 PTM1 trace solution) adjusted to pH 5 with
NH4OH solution (28%) and containing 4% (v/v) glycerol.
This medium was inoculated with a 75 kg fraction of the seed
fermentation broth (attaining an initial OD600 of approx. 1).
After the initial glycerol had been consumed (after approx. 18
h), additional glycerol feed (20 L h−1 of a 545 g L−1 stock) was
initiated and the biomass concentration further increased from
OD600 52 to 190. Afterward, the glycerol feed was stopped and
rAaeUPO expression was induced by starting methanol feeding
(starting with a bolus of 9 kg MeOH) at a rate of 4.5 kgMeOH
h−1 (approx. 5.7 L h‑1, Figure S7). At this stage, the fermenter
temperature was lowered to 25 °C. It is important to mention
here that the oxygen saturation of the fermentation broth was
maintained around 20% by adjusting the stirring speed or (if
necessary) the aeration flow (Figure S4). The production of
rAaeUPO was monitored by sampling the culture broth and
quantifying the enzyme activity in the ABTS assay (Figure 1).
In the first 48 h after initiation of the induction, the rAaeUPO
activity increased relatively slowly but sped-up during the next
48 h (after the accumulation of biomass had ceased), reaching
a saturation level of approx. 300 UABTS mL−1.

After the rAaeUPO accumulation had ceased (at 298 UABTS
mL−1 corresponding to 738 M UABTS or 735 g of rAaeUPO),
the fermentation broth was cooled down to 10 °C. At this
point, the fermentation broth (2484 kg) contained approx.
33% (v/v) of biomass. Therefore, the broth was diluted with
3000 L of water and centrifuged, obtaining 3642 L of the
supernatant (still containing 0.38% (w/v) biomass) with a
rAaeUPO content of 337 g (45.9% yield). The residual 1841 L
(still containing approx. 60% v/v of the supernatant) for
technical reasons had to be discarded (vide inf ra).
To remove the residual biomass in the supernatant, it was

submitted to a microfiltration step (K700 disc filter with an
average pore size of 6−15 μm). During this step, approx. 13%
of the biocatalyst was lost, adding up to an overall yield of 40%
(294 g rAaeUPO). Finally, the enzyme solution was further
concentrated via ultrafiltration (30 kDa GE Healthcare UFP-
30-E-85 membrane) and rebuffered to 0.2 mM KPi buffer pH
7 in a diafiltration step.

Scheme 2. Process Scheme of the Pilot-Scale Production of rAaeUPO Reported in This Contribution

Figure 1. Time profile of the main fermentation. Black squares:
biomass as determined via the optical density at 600 nm, green
diamonds: rAaeUPOABTS activity determined via the ABTS assay, blue
line: smoothed glycerol feeding profile, red line: smoothed MeOH
feeding profile.
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Overall, 76.3 L of a concentrated rAaeUPO solution was
obtained with an rAaeUPO concentration (as determined via
the CO-differential spectra) of 43 μM. The solution was shock-
frozen by adding it dropwise into liquid nitrogen and stored at
−20 °C until further use. The overall enzyme yield (170 g) was
23%. The enzyme preparation contained approx. 2.5 gL−1 of
rAaeUPO, corresponding to more than 85% of the overall
protein content (Supporting Information Section 2). Table 1
summarizes the key parameters of the downstream processing
(DSP) steps and illustrates the enzyme losses in the individual
processing steps.

To test the catalytic performance of the rAaeUPO obtained
from the pilot-scale fermentation, we used it for the
hydroxylation of ethyl benzene to (R)-1-phenyl ethanol at a
semipreparative scale (100 mL). For this, we used a two-liquid-
phase-system approach (2LPS) with an aqueous, rAaeUPO-
containing, reaction phase and ethyl benzene as the organic
phase serving as the substrate reservoir and product sink
(Scheme 3). For reasons of simplicity, H2O2 as an oxidant was
fed to the emulsion externally.

In this experiment, the rAaeUPO concentration in the
aqueous reaction phase was 0.5 μM and a H2O2 dosing rate of
49 mmol h−1 was applied (0.6 mL of an 82 mM stock
solution). The H2O2 dose rate was chosen conservatively to
minimize the undesired oxidative degradation of rAaeUPO.17

As shown in Figure 2, this approach enabled the stable
accumulation of the desired product (R)-1-phenyl ethanol over
at least 7 days, resulting in a final product concentration of 120
mM (14.4 g L−1) of the desired product in the organic layer.
Within the aqueous layer, (R)-1-phenyl ethanol accumulated

to approximately 20 mM (saturation concentration in aqueous
media) within 7 days. Please note that throughout the
experiment, the volume of the aqueous layer increased to
approx. 150 mL, thereby explaining the apparent discrepancy
between the 6 times higher concentration in the organic layer
and only roughly twofold higher absolute amount. It is worth
mentioning that from approx. 48 h onward, traces of
acetophenone (stemming from the rAaeUPO-catalyzed
oxidation of (R)-1-phenyl ethanol) were also found in the
organic phase.
Throughout the experiment, aqueous-layer samples were

qualitatively analyzed for H2O2, showing no detectable H2O2
until 167 h. This corresponds well to the total amount of the
product formed and the amount of H2O2 added to the reactor.
Hence, we conclude that H2O2 was the overall rate-limiting
component in the reaction setup. After 167 h, a gradual
increase of H2O2 was observed, together with the ceasing
product accumulation, which we attribute to the final
inactivation of the biocatalyst.
In total, 8.5 mmol of (R)-1-phenyl ethanol (1.04 g) was

formed using 1.1 mg of rAaeUPO. This corresponds to a
product-to-catalyst ratio of 942 gProduct × grAaeUPO

−1 or a
turnover number of 340.000 for the biocatalyst. The
volumetric productivity of the system was 60 mgProduct L

−1 ×
h−1, corresponding to an average turnover frequency of the
biocatalyst of 0.56 s−1 over 168 h.

■ DISCUSSION
In the main fermentation, approx. 735 g of rAaeUPO has been
produced in 2480 L of fermentation broth. It is interesting to
note that rAaeUPO accumulation only started approx. 48 h
after the start of the methanol induction phase and coincided

Table 1. Summary of the DSP Steps

volume
[L]

m(rAaeUPO)
[g]

yieldstep
[%]

yieldtotal
[%]

end of the fermentation 2484 735 100.0 100.0
cool-down and dilution 5484 735 100.0 100.0
centrifugation
(supernatant)

3642 337 45.9 45.9

microfiltration 3642 294 87.2 40.0
concentration and
diafiltration

76.3 170 57.8 23.1

Scheme 3. rAaeUPO-Catalyzed Stereoselective
Hydroxylation of Ethyl Benzene to (R)-1-Phenyl Ethanol
Using a 2LPS Approach

Figure 2. Time course of the semipreparative-scale hydroxylation of
ethyl benzene to (R)-1-phenyl ethanol. Reaction conditions: the
initial reaction mixture consisted of 50 mL of ethyl benzene and 50
mL of phosphate buffer (100 mM, pH 7) containing 500 nM
biocatalyst. The reaction was thermostatted at 25 °C and stirred
continuously at 150 rpm. H2O2 added continuously at a rate of 49
mmol h−1 was applied (0.6 mL of a 82 mM stock solution), triangles:
total product formed (sum of product amounts in the aqueous and
organic layer), filled diamonds: (R)-1-phenyl ethanol found in the
organic layer, open diamonds: (R)-1-phenyl ethanol found in the
aqueous layer, dotted line: amount of H2O2 added to the reactor over
time.
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with the end of biomass accumulation. At present, we lack a
plausible explanation for this comparably long lag time
between initiation of the methanol induction and rAaeUPO
expression, which has also been observed in previous studies
on 10 L.18

The final rAaeUPO titer of 0.29 grAaeUPO Lfermentation broth
−1

corresponds well to the rAaeUPO expression levels (217 mg
L−1) reported previously for this expression system at the 10 L
scale.18 Possibly, improved expression systems will enable
higher peroxygenase expression levels.
Out of the overall 735 g of rAaeUPO produced, only 170 g

of the enzyme has actually been recovered. The major
bottleneck in the downstream procedure was the first
centrifugation step: using the semicontinuous centrifuge
resulted in a low recovery of the supernatant (∼50%)
containing the rAaeUPO. This was due to the inability of
the centrifuge to separate the high-solid-loaded broth obtained
at the end of the fermentation. The single pass yield could be
improved to ∼70% by using a nozzle-mode continuous
centrifuge. Resuspension of the sludge and a second pass
could increase the yield to ∼95%. However, higher dilution of
the enzyme titer and longer processing times would be
expected.
Notably, the inefficient centrifugation step caused several

problems in the subsequent micro- and ultrafiltration steps,
causing the clogging of the filters that had to be washed several
times during these processes. A tangential-flow microfiltration
should be used to remove the leftover organisms from the
obtained supernatant from the centrifugation step (also known
as the polishing step). By using this technology, the yield of
this step can be increased to ∼95% but again leading to longer
processing times. The freeze-drying of the supernatant could
represent an alternative solution, leading to the procurement of
the lyophilized enzyme (as powder) that can be easily stored
and transported.
In conclusion, we are confident that higher recovery yield

(80−90%) can be achieved by tailoring an optimized DSP
process. However, the effect of longer processing times and the
implementation of additional steps should be taken into
consideration while evaluating the production cost of
rAaeUPO.
The biotransformation results underline the preparative

potential of peroxygenases. To the best of our knowledge, the
turnover numbers achieved here range among the highest
reported so far for an enzymatic oxyfunctionalization catalyst
and point toward economically feasible application.22 Com-
pared to similar, P450monooxygenase-catalyzed reactions,
further advantages are the much simpler reaction setups
avoiding nicotinamide cofactors and corresponding regener-
ation systems, as well as stoichiometric amounts of gluconate
byproducts.23,24

The volumetric productivity of the biotransformation shown
here was admittedly rather low. This was due to the rather low
H2O2 feeding rate, which was chosen to maximize the
robustness of the biocatalyst. More courageous feeding
strategies may result in higher, industrially more interesting
space time yields. Another issue of the external H2O2 addition
strategy, however, also lies with the significant dilution of the
reaction mixture (increasing from initially 100 mL to approx.
200 mL after 7 days). Further developments therefore will
focus on the application of in situ H2O2 generation from O2
using simple reductants such as formate25−27 or meth-
anol.28−30

Overall, in this contribution, we have demonstrated that
peroxygenases can be produced at least at the pilot scale,
yielding practical amounts of these promising catalysts for
organic oxyfunctionalization chemistry.
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